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Abstract
Technicolor represents a viable alternative to the Higgs mechanism for gen-





been performed in the data collected by the DELPHI experiment at LEP at
centre-of-mass energies between 192 and 208 GeV corresponding to an integrat-
ed luminosity of 452 pb
 1
. Good agreement is observed with the SM expecta-







) plane. The 
T






. Assuming a point-like interaction of the 
T
with gauge bosons, an
absolute lower limit on the charged 
T
mass at 95% CL is set at 79.8 GeV/c
2
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11 Introduction
In spite of outstanding theoretical and experimental achievements, particle physicists
have not been able to decide which mechanism creates mass. It is a common belief that
such a mechanism will be characterised by the observation of at least a scalar particle.
Whether this object is elementary (as in the SM or MSSM scenario), composite (as in
the technicolor scenario), or too heavy to be observed as a particle remains uncertain.
This paper presents a systematic search for the particles predicted by the technicolor
model. Section 3 briey recalls the framework of the technicolor (TC) model and reviews
the possible signals which can be observed at LEP2. Section 4 describes the direct search
for technipions performed with the DELPHI detector using the data collected in 1999








s in the region of higher technipion masses. Section 6 summarises the combined
results.
2 Data Sample
The detailed description of the DELPHI detector can be found elsewhere [1]. For the
search for 
T
production, the statistics of DELPHI taken in 1999 for
p
s between 192
and 202 GeV and in 2000 for
p
s between 202 and 208 GeV are used. The integrated
luminosity is about 228 pb
 1
for data taken in 1999 and 224 pb
 1
for data taken in













cross-section measurements are used to estimate a possible contribution from technicolor
production.
Simulated events are produced with the DELPHI simulation program DELSIM and
are passed through the same reconstruction chain as the data. To simulate the Standard
Model (SM) backgrounds, the generator EXCALIBUR [4] is used for 4-fermion nal




! qq(+n), and TWOGAM [6] for two-photon
interactions. The technicolor production signal is simulated using a special generator [7]
included in the PYTHIA package.
3 The Technicolor scheme at LEP
The technicolor model provides an elegant scheme to generate W/Z masses. These
bosons are seen as condensates of a new family of quarks (the techniquarks) which obey a
QCD-like interaction with an eective scale 
TC
much larger than 
QCD
. It also predicts
heavy (> 1 TeV) vector mesons which cannot be observed at LEP2.
It is well known, however, that this scheme encounters several problems. It can-
not correctly generate fermion masses and, in its simplest version, it contradicts the
LEP1 precision measurements since it gives positive contributions to the S parameter. In
technicolor models with QCD-like dynamics, S  0:45 is expected for an isodoublet of
technifermions, while the precise measurements give: S =  0:07  0:11 [8].
Extensions [9] have been worked out which solve these problems at the price of losing
predictive power. These schemes depart from the straightforward analogy with QCD,
with the usual asymptotic freedom behaviour. It turns out that perturbative calculations
do not work (\walking technicolor"), and therefore the theory cannot be fully tested by
precision measurements.
2These extensions call for a large number N
D










) mesons. These can be light enough to be
observed at LEP2 or the Tevatron. Our searches for technicolor production assume the
theoretical model given in [11].
The main 
T










































the decay rates depend on many model parameters.







is predicted to be of the order of














is open, and below 1 GeV if
all of them are closed. For !
T





































































the b-quark is produced in  90% of 
T
decays. The total 
T
width is less than 1 GeV.
These properties are extensively used in the following.
The 
T
coupling to the photon and Z
0













has to be one to










interactions through the radiative return process and its production cross-section




. It can then be observed as a narrow
resonance in the corresponding mass distribution. The radiative return production rate














































is non-zero. The following
always supposes that the nal state 
0
T





Technipions can also be produced at LEP through virtual 
T
exchange. The analyses








































s. The cross-sections of



































































































































































































































Note that for a highly virtual 
T















) remains nite. If the Z contributions are ignored, expressions


















=4, as expected for a point-like






. This correct behaviour results from our choice of the 
T










































, and the mass scale M
V
are













. Figure 1 shows the cross-sections of
















) = 4=3. It is assumed that the symmetry group,











It can be seen that the production cross-section of technicolor objects is expected to be
reasonably high for a wide range of M

T
values, making the search at LEP possible, but
that the process (3), giving the 
0
T
 nal state, depends strongly on the three additional

























nal states in process (2), and for 
T
















masses would be detected in precise measurements at LEP1. The CDF experiment at
the Tevatron [12] has already published results of a search for these particles.
































nal states can be produced in process
(2). These can provide striking signatures because technipions are expected [11] to decay
into the heaviest fermions. Charged technipions therefore prefer nal states with a b
quark, which can be separated from the W bosons by applying b-tagging.
4.1 Search in the 4-jet Final State
Events originating from the signal contain mainly one or two b-quarks and one or two




contains very few b-quarks. This situation
is similar to that in the Higgs search in 4 jet nal states, therefore the same jet clustering
algorithm using the DURHAM method [13] and the same b-tagging procedure [14] are
applied. The analysis starts with the four-jet preselection described in [15], which aims





4The qq() and 4-fermion backgrounds remaining after the preselection have to be
reduced further. For this purpose dierent shape and b-tagging variables have been in-
vestigated, assuming that the analysis should be sensitive and keep a reasonable eciency
for a wide range of the 
T
mass from  45 GeV/c
2
up to the kinematical limit.
Finally, 12 variables are selected for this analysis and the nal discriminant variable
is dened as the output of a neural network (NN). There are two b-tagging variables




background: one of them (x
b
) is computed as the sum
of the two highest jet b-tagging variables [16], and the other is the sum of the four jet
b-tagging variables. Seven shape variables are used to reduce the qq() contamination.
They are the sum of the second and fourth Fox-Wolfram moments, the product of the
minimum jet energy and the minimum opening angle between any two jets, the event
thrust, the sum of the four lowest angles between any pair of jets in the event, the minimal
di-jet mass, and the minimal y
cut
values for which the event is clustered into 4 jets (y
34
)
and into 5 jets (y
45
). Finally, three more variables take into account the two-boson event
topology. To dene them the event is forced into four jets, a ve constraint t requiring
conservation of energy and momentum and equal masses of opposite jet pairs is applied








production angle of the jet pair, and the angle between the planes dened by the two jet
pairs.
The resulting NN output provides good background suppression and high selection
eciency over a wide range of M

T








eciencies for dierent 
T
masses obtained when selecting events with NN output > 0:3.
The distributions of some discriminating variables for data, the SM prediction, and
technipion production are shown in Fig. 2. The mass M
5C
of the jet pair after the 5C
t for the pairing with the smallest 
2
5C
is used as the 
T
mass estimator. Figure 3
shows its distribution for preselected events, for the Standard Model (SM) background















slightly wider peak shifted towards the mass of the W. The form of the mass spectrum of
the sum of these two channels depends on the 
t
mass and the mixing angle  (see Eq.
(2)). This gure also shows the distribution of the nal discriminant variable from the
neural network output. Figure 4 shows the number of selected events as a function of the




signal, which is varied by changing the cut on the NN output. The
dependence is shown separately for the two years of data taking used. Figure 5 shows
the M
5C
mass spectrum for events with the NN output greater than 0.30 for the full
statistics collected at
p
s = 192   208 GeV. A reasonable agreement between data and
the SM prediction is observed in all distributions, the remaining dierences are included
in the systematic errors.





















= 9 normalised to the collected luminosity. For these






In addition to the NN analysis, a sequential analysis was also developed. Its per-
formance is slightly worse, and therefore it is used only as a cross-check. After the
preselection stage it uses three discriminating variables. Two of them are intended to
reduce the qq() contamination. They are y
34
, dened above, and the sum of the second











< 0:6. The cut on the b-tagging variable x
b






Tables 2 and 3 give the numbers of selected and expected events at dierent steps of
the sequential analysis together with the eciency of the signal selection. For comparison,
the results of the NN analysis for NN output cuts giving similar signal eciencies are
also shown. The results of both analyses show good agreement of the data with the SM

















23.7 32.9 33.9 36.0 42.5 49.6
Table 1: Search in the 4-jet nal state: selection eciency in percent (including topolog-















s = 200 GeV,
and NN output variable > 0:3.










Preselection 2455 2471.4 751.7 1719.7 93.4 62.5
y
34





 0:6 1459 1488.1 178.2 1309.9 78.5 51.7
x
b
 1.3 48 50.0 20.8 29.2 43.9 14.3
NN> 0:3 32 37.6 12.4 25.2 42.5 12.9
Table 2: Search in the 4-jet nal state: eect of the selection cuts in the sequential
analysis on data, simulated background and simulated signal events at
p
s= 192-202 GeV.





and include the topological branching ratios
of W and 
T
to two jets.










Preselection 2266 2342.1 680.3 1661.8 91.1 64.9
y
34





 0:6 1368 1395.6 163.0 1232.7 72.8 52.6
x
b
 1.3 43 46.4 18.1 28.3 44.9 13.7
NN>0.34 29 30.2 9.3 20.9 45.0 11.0
Table 3: Search in the 4-jet nal state: eect of the selection cuts in the sequential
analysis on data, simulated background and simulated signal events at
p
s= 204-208 GeV.





and include the topological branching ratios
of W and 
T
to two jets.
64.2 Search in the Semileptonic Final State
The search for the technipion is also performed in channels containing two quarks, a















This nal state is selected in two steps.





a similar selection [2] is applied at the rst step. However, variables strongly correlated




Firstly loose initial cuts, requiring at least 7 charged particles, transverse energy
greater than 0:25
p
s, less than 30 GeV in a 30

cone around the beam, and the po-
lar angle of the missing momentum fullling j cos 
miss
j < 0:985, are used to remove a
large fraction of the leptonic, qq() and  events.
Then an isolated lepton candidate has to be found. The isolation criterion is dened
in terms of the product p  
iso
, where p is the lepton momentum and 
iso
is the isolation
angle between the lepton and the nearest charged particle with momentum greater than
1 GeV/c. Electrons and muons are identied using the standard DELPHI tools [1] and
p  
iso
is required to be above 250 GeV/cdegrees. Any other isolated electron or muon
with energy between 5 and 25 GeV or an isolated charged hadron or low multiplicity jet
(less than 5 charged particles) is identied as a  -lepton candidate. For these, since some




Depending on the avour of the isolated lepton candidate, dierent neural networks are
then used to reduce the background further. For a muon candidate, a neural network with
7 input variables is used: the lepton momentum, lepton isolation, missing momentum,
j cos 
miss







eective centre-of-mass energy [17]. One more variable, the acoplanarity angle
1
between
the lepton and the hadronic system, is used for an electron. For tau candidates, the
missing momentum and visible energy are less discriminant and are replaced by four
new variables: the thrust, the angle between the lepton and hadronic system, and the
acoplanarity and acollinearity of the hadronic jets. The neural network outputs for the
dierent leptons are shown in Figure 6. The events are accepted if the NN value is above





The second step exploits the specic properties of the signal, such as the presence of
b-quarks or the production angle, to distinguish it from the W pairs. This is done using
another neural network which uses four input variables: the b-tagging variables of the
two hadronic jets, q  cos 
prod
and j cos 
miss
j. The charge q is dened according to that
of the lepton, and the production polar angle 
prod
is built from the hadronic jets. The
distribution of the b-tagging variable and q  cos 
prod
, together with the NN output are
shown in Figure 7.









eciency is limited by the small 
T
!   decay
















mass estimator is the same as in the hadronic channel. The constrained
t is done with three additional free parameters coming from undetected neutrino for
electron and muon, and with four parameters for tau, since also its energy is not known.
1
For any two vectors the acoplanarity is dened as the angle between their projections on the plane perpendicular to
the beam direction.
7Figure 8 shows the 
T
mass spectrum for events with the NN output greater than 0.1
for the full statistics collected at
p






















= 9 normalised to the collected luminosity. A good agreement between data and the
SM prediction is observed.
Table 5 gives the number of selected and expected events at dierent steps of analysis


















2.0 2.6 2.7 3.0 2.9 2.2
Table 4: Search in the semileptonic nal state: Selection eciency in percent (including
















GeV, and NN output > 0:1.








Hadronic preselection 19994 19626.1 2952.9 12446.3 96.9%
qq
0
l selection 2375 2504.9 2309.1 63.1 23.5%
NN output > 0:1 81 76.9 54.9 7.4 12.9%
NN output > 0:2 32 33.2 18.8 5.3 10.4%
NN output > 0:3 17 18.9 8.2 4.1 7.4%
Table 5: Search in the semileptonic nal state: Eect of the selection cuts on data,
simulated background and simulated signal events at
p













4.3 Combined result of the 
T
search
Since good agreement between data and the Standard Model expectation is observed,
the results are used to set limits on technicolor production, which are presented as a






) plane. The observed and expected limits
quoted are based on the condence level for signal, CL
s
, as described in [18]. The test
statistic used is a likelihood ratio, based on comparing the observed and expected rates
and distributions as a function of mass and NN output. The statistical and systematic
errors on the expected background and signal distributions are taken into account.
In the four-jet channel the relative systematic error was estimated at 11% in the
background level and 5% in the signal eciency. The main contribution, evaluated at
about 10% in the background and at 4% in the signal eciency, comes from the b-tagging.
In the semileptonic channel the main uncertainty is related to the lepton identication






!  qq channel was not included in the limits estimate, because its selection




! qqqq channel, see tables 1,4.
8Two cases are considered separately,N
D
= 2 (maximalmixing), see Fig. 9, and N
D
= 9
(theoretically preferred [11]), see Fig. 10. The regions excluded by this analysis are shown
by the diagonal hatching.
In the limit of innite 
T




























Although the limit on the 
T
mass excludes a technicolor interpretation of the excess of






analysis, it should be noted that
the DELPHI mass limit was obtained by applying b-tagging and therefore the present
analysis cannot be compared directly with the L3 result.
Relaxing the hypothesis of a dominant technipion decay into b quarks, used in this
analysis, will not drastically modify the obtained result for N
D






channel, when the 
T








search [20], which give a limit just
below the W mass, can also be used to set a limit on the technipion production. However,
for N
D
=2 the drop in production cross-section is signicant and a special analysis is
required.



















() with subsequent decay into dierent nal states. This section presents the
search for 
T
in all the main 
T
decay modes in theM

T
region not covered by the results
of the section 4. It is based on a special search for the 
T
 channel and on previous


















 is more favourable kinematically than charged 
T
pair production





b (90 %) allows a clean experimental signature.
There is also an isosinglet called 
00
T
which can decay into gluons and fermions and is
expected to have about the same mass. To be conservative, its possible contribution is
ignored.
The hadronic events are selected by requiring at least 6 charged particles with a total
energy exceeding 24% of the centre-of-mass energy. Any photon with an energy exceeding
5 GeV is considered as a possible isolated photon candidate. All the other particles in the
event are clustered into jets using the JADE algorithm [5], and the photon is accepted
as isolated if either its transverse momentum to the nearest jet exceeds 10 GeV/c or the
angle between its direction and the nearest jet exceeds 45 degrees. More than one isolated
photon is allowed in an event.
A constrained t requiring the conservation of energy and momentum and allowing
one additional photon in the beam pipe is then applied to all selected events. An event
is rejected if the 
2
of this t exceeds 9. The sum of all particles excluding the isolated
photons is called the hadronic system. The momentum of the hadronic system computed
after the constrained t is required to exceed 10 GeV/c, and the polar angle of its direction

had
to satisfy the condition j cos 
had
j < 0:9. The reconstructed hadronic system is
combined with the isolated photon, which is required to have j cos 

j < 0:98 where
9

is the polar angle of its direction. The energy of the combined (hadronic+photon)
system is required to be less than
p
s  5 GeV, assuming at least one additional photon
with energy above 5 GeV. Finally, as the main 
0
T






b-tagging variable for the event x
b
, dened in section 4.1, is required to exceed  1. The
QCD background remaining after this cut has a b-purity of about 77%.
With these selections 156 events are observed in the statistics collected in 1999 and
2000 while 149.9 events are expected from the dierent SM sources. Figure 11a shows
the (qq) mass distribution of all selected events. The production of 
T
should manifest




and in the mass of the hadronic system plus photon, corresponding to the 
T
, while





 is seen in Fig. 11a. A 15% systematic error is assigned,
which takes into account the uncertainty in the selection eciency of b

b() events (10%)




! qq() (11%). Within the




























) must dominate. The search for these channels is presented in the following
sections.
In addition, the 
T






The topology of this process is dierent, and therefore the condition that the energy
of the (hadronic+photon) system is at least 5 GeV below
p
s is not applied. Dropping
this condition, 468 events are selected in data and 502.6 events are expected from the
standard sources. The distribution of the hadronic mass for this selection is shown in
Fig. 11b, where only the expected Z
0
peak from the radiative return process is observed.

























= 0 (see eq. 3). In addition, for the typical parameter values, the







































threshold. It supposes that the M

T
value is not excluded by the analysis of



















s = 172   206:7 GeV [2], which applies no strong condition on the energy of any
























cross-section are taken from [2]. The Standard
Model prediction is computed using the RacoonWW generator [21], while the selection
eciency is computed using EXCALIBUR [4]. An additional 2% systematic uncertainty
is assigned to take into account a possible impact on the selection eciency of dierences
in the event topology between these two generators. This analysis conservatively supposes







for some specic 
T













) 183 189 192 196 200 202 205 207
175 7.00 4.39 3.69 3.03 2.57 2.38 2.15 2.01
185 { 10.68 7.25 5.06 3.87 3.45 2.97 2.71
195 { { { 18.82 8.69 6.83 5.15 4.42










measurement is signicantly better, e.g. DELPHI reported  = 15:83 0:38 0:20 pb at
p
s = 189 GeV and the expected Standard Model value is 16.25 pb.
















depends on the 
T



















) mass region considered. Therefore, the result obtained excludes 
T
produc-







and for all M

T
not excluded by the






) plane excluded by this analysis is



















s, technicolor production by process (1) would give a signicant contri-
bution to the cross-section for qq() production because the main 
T
decay channels all
include hadronic nal states. Due to the relatively small 
T
decay width, this contribu-
tion would be observed as a peak in the hadronic mass distribution. The search for this
decay channel uses all published DELPHI qq() cross-section measurements, which are
currently available for
p





. Above 165 GeV/c
2






, considered in section 5.2,










), considered in section 4, become dominant.
The topology of 
T











produces many-jet events. However, the qq()
selection criteria [3] are quite loose, allowing eective selection of both 
T
decay modes.










() events through the
complete qq() analysis chain. The selection eciency was found to be the same as for
standard qq() events.
Figure 13a shows the observed mass distribution of the hadronic system together
with the expected contribution from Standard Model processes. The hadronic mass
reconstruction is described in [3]. Figure 13b shows the dierence between the observed

















. Good sensitivity to technicolor production can be
seen.
Using the observed and expected numbers of events gives the 95% CL upper limit on
the decay branching ratio BR(
T
!hadrons) shown in Fig. 13c. The small mismatch
between data and simulation for the width of the radiative return to the Z
0
in Fig. 13a
is due to imprecise modeling of such details as jet angles and momenta. It explains some
increase of the BR(
T
!hadrons) limit around 100 GeV, which, however, remains below





) is limited by 7% at 95% CL (see sec. 5.1),
11
this result excludes 
T
production for all 
T
masses between 90 and 165 GeV/c
2
. The
horizontal hatching in Figs. 9, 10 show the contribution of this channel in the combined
















production in process (2) and
for 
T














!hadrons. A good agreement between data and the Standard Model







plane excluded by this analysis at a 95% CL is shown in Figs. 9,10. A 95% CL lower mass
limit of 79.8 GeV/c
2
is set independently of other parameters of the technicolor model,
supposing its point-like coupling with gauge bosons (see section 4.3). The 
T
production





independently of the 
T
mass and
all other model parameters.
These results signicantly improve on the exclusion limits on technicolor production
obtained by the CDF experiment [12].
Acknowledgements
We wish to thank K.Lane for answering many questions on technicolor models and
encouraging this work.
We are greatly indebted to our technical collaborators, to the members of the CERN-
SL Division for the excellent performance of the LEP collider, and to the funding agencies
for their support in building and operating the DELPHI detector.
We acknowledge in particular the support of
Austrian Federal Ministry of Education, Science and Culture, GZ 616.364/2-III/2a/98,
FNRS{FWO, Flanders Institute to encourage scientic and technological research in the
industry (IWT), Belgium,
FINEP, CNPq, CAPES, FUJB and FAPERJ, Brazil,
Czech Ministry of Industry and Trade, GA CR 202/99/1362,
Commission of the European Communities (DG XII),
Direction des Sciences de la Matiere, CEA, France,
Bundesministerium fur Bildung, Wissenschaft, Forschung und Technologie, Germany,
General Secretariat for Research and Technology, Greece,
National Science Foundation (NWO) and Foundation for Research on Matter (FOM),
The Netherlands,
Norwegian Research Council,
State Committee for Scientic Research, Poland, SPUB-M/CERN/PO3/DZ296/2000
and SPUB-M/CERN/PO3/DZ297/2000
JNICT{Junta Nacional de Investigac~ao Cientca e Tecnologica, Portugal,
Vedecka grantova agentura MS SR, Slovakia, Nr. 95/5195/134,
Ministry of Science and Technology of the Republic of Slovenia,
CICYT, Spain, AEN99-0950 and AEN99-0761,
The Swedish Natural Science Research Council,
Particle Physics and Astronomy Research Council, UK,



















































b] √s = 200 GeV




















































b-tagging variable of the dijet with highest content in b-quarks
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, the product of the minimum jet energy and the minimumopening angle
between any two jets. The plots on the left show the data (points) and the expected SM
backgrounds (histograms) for the full DELPHI statistics at
p
s = 192  208 GeV. Those
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Figure 3: Search in the 4-jet nal state: distributions of the mass and nal discriminant
variable after preselection. The plots on the left show the data (points) and the expected
SM backgrounds (histograms) for the full DELPHI statistics at
p
s = 192   208 GeV.





















= 9 and the













































√s = 204-208 GeV
Figure 4: Search in the 4-jet nal state: numbers of data events (points) and expected




signal eciency, varied by
varying the cut on the neural network variable. The dierent background contributions








































Figure 5: Search in the 4-jet nal state: M
5C
mass distributions for the NN analysis with
the cut on NN output > 0:30. The plot on the left shows the data (points) and the expect-
ed SM backgrounds (histograms) for the full DELPHI statistics at
p
s = 192  208 GeV.




























= 9, normalised to the
integrated luminosity collected at
p

















Output of the NN WW → eν qq
–
Output of the NN  WW → µν qq–
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Figure 6: Search in the semileptonic nal state: neural network outputs for the rejection
of non-WW backgrounds for events with an electron candidate (top), a muon candidate
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Output of the anti-WW Neural Network
Figure 7: Search in the semileptonic nal state: distributions after the rejection of
non-WW background. The plots on the left show the data (points) and the expected
SM backgrounds (histograms) for the full DELPHI statistics at
p
s = 192   208 GeV.

















= 9 and the





















































Figure 8: Search in the semileptonic nal state: Estimated 
T
mass distributions for
NN output > 0:10. The plot on the left shows the data (points) and the expected SM
backgrounds (histograms) for the full DELPHI statistics at
p
s = 192 208 GeV. The one





























= 9, normalised to the integrated
luminosity collected at
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) plane (lled area) excluded at 95% CL for
N
D













































) plane (lled area) excluded at 95% CL for
N
D




mixing). The dashed line shows the expected















































 analysis: a) distribution of the mass of the hadronic system plus the
isolated photon; b) distribution of the hadronic mass. The points show the data, the
histogram shows the contribution of standard sources, and the lled histogram shows
separately the contribution of all non-b

b processes. The statistics shown in gures a)

























































































95% CL Upper limit c




! qq() analysis for
the data collected at
p
s = 183 and 189 GeV. Crosses show the data and the histogram
shows the SM contribution. b) Dierence between the observed numbers of events and

















is shown as the histogram. c) The 95% CL upper limit
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